One type of carbon nanotubes (CNTs) (MWCNT-7, from Mitsui) has been classified as probably carcinogenic to humans, however insufficient data does not warrant the same classification for other types of CNTs. Experimental data indicate that CNT exposure can result in oxidative stress and DNA damage in cultured cells, whereas these materials appear to induce low or no mutagenicity. Therefore, the present study aimed to investigate whether in vitro exposure of cultured airway epithelial cells (A549) to multi-walled CNTs (MWCNTs) could increase the DNA repair activity of oxidatively damaged DNA and drive the cells toward replicative senescence, assessed by attrition of telomeres. To investigate this, H 2 O 2 and KBrO 3 were used to induce DNA damage in the cells and the effect of pre-exposure to MWCNT tested for a change in repair activity inside the cells or in the extract of treated cells. The effect of MWCNT exposure on telomere length was investigated for concentration and time response. We report a significantly increased repair activity in A549 cells exposed to MWCNTs compared to non-exposed cells, suggesting that DNA repair activity may be influenced by exposure to MWCNTs. The telomere length was decreased at times longer than 24 h, but this decrease was not concentration dependent. The results suggest that the seemingly low mutagenicity of CNTs in cultured cells may be associated with an increased DNA repair activity and a replicative senescence, which may counteract the manifestation of DNA lesions to mutations.
Introduction
Carbon nanotubes (CNTs) are increasingly used in many consumer and industrial products including electronic devices, building materials, protective clothing, sports equipment and medical devices as well as vehicles for drug delivery (1) . Nevertheless, the biological and molecular effects of CNTs have not been fully investigated. Single-walled CNTs (SWCNTs) consist of a single sheet of graphene rolled into a hollow tube, whereas multi-walled CNTs (MWCNTs) consist of several tubes. The International Agency for Research on Cancer (IARC) has recently classified a specific type of MWCNTs, called Mitsui-7 or MWCNT-7, as probably carcinogenic to humans (Group 2B) (2) . Oxidative stress and inflammation are regarded as important mechanisms of action for the toxicity of CNTs (3) . CNT exposure in cultured cells causes increased levels of oxidatively damaged DNA, assessed as formamidopyrimidine DNA glycosylase (FPG)-sensitive sites by the comet assay (4) (5) (6) (7) (8) (9) . FPG recognises ring-opened formamidopyrimidine lesions and 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) . Elevated levels of FPG-sensitive sites have been observed in lung tissue of mice after repeated exposure to MWCNTs (10) , whereas SWCNTs did not generate oxidatively damaged DNA after a relatively low dose administered as a single exposure (11) . Nevertheless, oral exposure to SWCNTs was associated with increased levels of 8-oxodG in lung and liver tissue (12) . On the other hand, there is little evidence to suggest that MWCNT-7 is mutagenic in cultured cells (13) , whereas increased number of gpt mutations in lung tissue of mice has been observed after four i.t. instillations in mice (14) . Likewise, studies on mutagenicity of SWCNTs in cultured cells have yielded mixed results (5, 15, 16) , whereas inhalation exposure has been associated with increased K-ras mutation frequency (17, 18) .
The lack of mutagenicity of CNTs in cultured cells is surprising because the material causes both oxidative damage to DNA and increases the production of reactive oxygen species (ROS) (3, 14, 19) . In a recent study, an association between MWCNT exposure, increased ROS production and mutagenic effect in terms of induction of HPRT mutation was shown in Chinese hamster lung fibroblasts (20) . The oxidation of guanine to 8-oxo-7,8-dihydroguanine (8-oxoGua) can be mediated by hydroxyl radicals, singlet oxygen, one electron oxidants and vicinal pyrimidine peroxyl radicals (21) . Oxidative damage of guanine to 8-oxoGua in DNA may give rise to mutations if they are not repaired (22) .
Mammalian cells have a highly versatile repair system to remove 8-oxoGua, where 8-oxoguanine DNA glycosylase (OGG1) plays a major role while nucleotide excision repair and the putative nucleotide incision repair act as backup systems or assist the OGG1-mediated repair (23) . We hypothesised that a lack of mutagenicity in cultured cells after exposure to CNTs may be related to increased DNA repair activity toward oxidatively damaged DNA.
CNTs bind to DNA at G-C rich regions in the chromosomes including telomeric DNA (24, 25) . Telomeres are specific nucleoprotein structures at the end of every eukaryotic chromosome (26) . Telomeric DNA is progressively shortened in each cellular division due to the end replication problem (27) . Telomeric DNA consists of several kilobases of the 6-bp (TTAGGG) tandem repeats (28) that allow a somatic cell to replicate for a number of cycles before its telomeres are shortened to a critical length, which then triggers the cell to enter senescence (29) . In contrast to normal somatic cells, most cancer cells solve this replicative senescence problem by reexpressing telomerase to maintain their telomere length (29, 30) .
The high number of guanine residues in telomeric DNA sequences increases the probability of the accumulation of 8-oxodG in telomeres during oxidative stress, which may lead to accelerated telomere shortening (31, 32) . The presence of 8-oxodG inhibits telomerase activity and diminishes binding of telomeric proteins (TRF1 and TRF2) to the telomere sequence, leading to disruption of telomere length, maintenance and function (33) .
The present study aimed to investigate whether in vitro exposure of cultured airway epithelial cells (A549) to MWCNTs increase the DNA repair activity to oxidatively damaged DNA and drive the cells toward replicative senescence, as measured by attrition of telomeres.
Materials and Methods

Cell cultures
Since the exposure to MWCNTs primarily is believed to be via inhalation, we used Type II pneumocytes (A549) as target cells. For evaluation of the activity of intracellular repair proteins, we used the monocytic THP-1 cells as source of substrate DNA, since it is used as positive control for the detection of human OGG1 (hOGG1)-sensitive sites in the comet assay (34) . Both cell types were obtained from American Type Culture Collection (Manasses, VA, USA). The A549 cells were grown in F-12 media (Invitrogen, Taastrup, Denmark) supplemented with 10% foetal bovine serum (FBS) (Biological Industries, Israel), L-glutamine (2.4 mM) and PenStrep (mixture of penicillin and streptomycin antibiotics, 1% v/v). The cells were grown at 37°C, 5% CO 2 . The A549 cells were subcultivated every 2-3 days by trypsination. The THP-1 cells were grown in RPMI 1640 medium supplemented with 10% FBS, 10 mM HEPES, 1 mM sodium pyruvate and 0.1% gentamicine and subcultivated every 2-3 days by removing 90% of the media and replacing it with fresh media. The THP-1 cells were differentiated to macrophages (referred to as 'THP-1a') by incubating them with 12-O-tetradecanoylphorbol-13-acetate (10 ng/ml) for 24 h at 37°C and 5% CO 2 . The THP-1a cells did not proliferate and became adherent in the cell culture flasks, whereas undifferentiated THP-1 cells were discarded by removal of the cell culture medium before the trypsination of the cells.
Multi-walled CNTs
The material in this study is a CNT from the European Commission Joint Research Centre Nanomaterials Repository coded as NM400 (from Nanocyl, Belgium). The particles are described as short entagled MWCNT with a diameter of 30 nm and a length of 5 µm by the supplier. Further, the particles have been characterised in the suspension vehicle as having a mean hydrodynamic diameter of 200-250 nm (35) and a BET surface area of 298 m 2 /g (36) . For the present experiments, the MWCNT was suspended as a 2.56 mg/ml suspension of particles in double distilled water (SigmaAldrich) containing 2% bovine serum (Sigma-Aldrich), and sonicated 16 min on 10% amplitude on ice using a Branson Sonifier S-450D (Branson Ultrasonics Corp., Danbury, CT, USA) equipped with a disrupter horn (Model number: 101-147-037). For each experiment, a fresh suspension of particles were made and used immediately after suspension in cell media.
The concentration of MWCNTs used in this study was based on previous results indicating that 40 µg/ml would induce a moderate level of DNA damage that was large enough to investigate the effect of repair (37) but still be in the low end of cytotoxicity for A549 cells as shown to be below 10% up to 32 µg/ml (35) . The cytotoxicity of NM400 was tested in the Risk Assessment of Engineered Nanoparticles (ENPRA) project, using 15 different cell lines and concentrations up to 256 µg/ml. NM 400 showed a low level of cytotoxicity in A549 cells, whereas certain types of cells dispayed a moderate level of cytotoxicity (38) . Further, the concentrations used in this study are within the estimated dose resulting from a lifetime work life with an exposure to 1 mg/m 3 of a similar high aspect ratio material (length-diameter aspect ratio of 167) leading to a concentration of 46.5 µg/cm 2 lung surface (39). In our setup, the cells are exposed to 1 ml 40 µg/ml in a 24-well plate with a surface area of 1.9 cm 2 resulting in an exposure of 21 µg/cm 2 .
Rejoining activity of H 2 O 2 -induced DNA strand breaks in MWCNT pre-exposed cells
We investigated A549 cells ability to re-ligate DNA strand breaks, induced by H 2 O 2 that introduces more than a 1000-fold single-strand breaks as compared to double-strand breaks in cells (40) . Thus, the assay reflects mainly rejoining of DNA strand breaks, whereas FPGsensitive sites are not detected by the alkaline comet assay (41) . The A549 cells were seeded into 24-well plates at a density of 2.5 × 10 5 cells per well, and cultured with or without MWCNTs (40 µg/ml) for 24 h at 37°C with 5% CO 2 . Cells were subsequently exposed to H 2 O 2 (200 µM) for 10 min at 37°C with 5% CO 2 . DNA damage was analysed immediately before H 2 O 2 treatment (T 0 ) or immediately after treatment (T 10 ), after 30 min (T 30 ) or after 60 min (T 60 ).
The level of DNA damage was assessed by the single-cell gel electrophoresis comet assay, as previously described (42) . Seventyfive microlitres of the cell suspension from each sample were mixed with 600 μl 37°C low-melting point agarose [0.75% in phosphatebuffered saline (PBS); Sigma-Aldrich] and 120 μl was applied to GelBonds (Cambrex, Medinova Scientific A/S, Hellerup, Denmark). The GelBonds were transferred to lysis solution (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Trizma base, pH 10.0) for at least 1 h. The GelBonds were then transferred to the electrophoresis chamber containing an alkaline solution (1 mM Na 2 EDTA, 300 mM NaOH, pH > 13.0) and incubated for 40 min. Electrophoresis was then run for 20 min (25 V, 300 mA, 0.83 V/cm) at 4°C before the samples were neutralised by three 5-min washes in neutralisation buffer (0.4 M Trizma base, pH 7.5) followed by dehydration in ethanol over night. The dried samples were stained with YOYO-1 iodide (P/N 491/509; Molecular Probes, The Netherlands) in PBS and 100 cells per slide were scored using an Olympus fluorescence microscope at 400× magnification.
We used the five-class visual classification system as primary comet assay endpoint and transformed this endpoint to lesions/10 6 base pair (bp) by a calibration curve with 1 arbitrary unit corresponding to 0.0273 lesions/10 6 bp as reported previously (43) . The comet assay was replicated three times on different days in duplicates. The levels of DNA damage were obtained by scoring 100 nuclei/gel in two gels.
Repair activity of KBrO 3 -induced DNA oxidation damage
The procedure for detection of hOGG1-sensitive sites is similar to the detection of FPG-sensitive sites by the comet assay. This is a thoroughly validated measurement of oxidatively damaged DNA in several inter-laboratory validation trials (44, 45) . A549 cells were seeded into 24-well plates at a density of 2.5 × 10 5 cells per well, and cultured with or without MWCNTs (40 µg/ml) for 24 h at 37°C. Cells were subsequently exposed to KBrO 3 (1.25 mM) for 3 h at 37°C. After the treatment, DNA damage was analysed before KBrO 3 exposure (T 0 ), immediately after (T 1 ) or after culture in RPMI for 6 h (T 2 ) and 24 h (T 3 ). The level of DNA damage was assessed as decribed above, with the addition of an incubation step with hOGG1 to obtain the level of oxidatively damaged DNA. The hOGG1 (0.16 unit/gel; Medinova Scientific A/S; P/N M0241L), or buffer (40 mMHepes, 0.1 M KCl, 0.5 mM Na 2 EDTA, 200 μg/ml bovine serum albumin (BSA), pH 8.0) was applied to the gels after lysis and they were covered with a cover glass and incubated for 45 min at 37°C in a humidified box prior to electrophoresis. The number of hOGG1-sensitive sites was expressed as the difference in scores between gels treated with hOGG1 enzyme and buffer.
DNA repair incision activity in extracts of cells after exposure to MWCNTs
The DNA repair activity was investigated by a modified version of the comet assay that measures the incision activity toward a substrate DNA containing 8-oxodG damages (46) . We used monocytic THP-1 cells exposed to potassium bromate (KBrO 3 ) as substrate (damaged DNA), since it represents a good positive control for the detection of hOGG1-sensitive sites in the comet assay with high levels of oxidatively damaged DNA without generation of strand breaks (34) . Specifically, THP-1 cells were exposed to KBrO 3 (1.25 mM) for 3 h at 37°C. After the treatment, cells were centrifuged at 2500 g for 5 min and the pellet was resuspended in freezing medium [50% FBS, 40% RPMI and 10% dimethyl sulfoxid (DMSO)] and divided into small aliquots, which were stored at −80°C until use. Moreover, A549 cells were seeded into 24-well plates at a density of 2.5 × 10 5 cells per well. Cells were exposed for 24 h to increasing concentrations of MWCNT (0.4, 4 and 40 µg/ ml). In each experiment, cell monolayers maintained in medium without addition of the MWCNT suspensions, were included as negative control. After exposure, the cells were trypsinised and resuspended in medium. The number of cells was counted and centrifuged at 300 g for 5 min at 4°C. As much as possible of the supernatant was removed, the pellet was resuspended by vigorously tapping the tube, 20 μl of buffer A for each 10 6 cells and 12 μl of 1% Triton X-100 in buffer A was added. The lysate was centrifuged at 13 500 rpm for 5 min at 4°C. The supernatant was mixed with four volumes of buffer (40 mM Hepes, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/ml BSA, pH 8) and kept on ice until use.
Aliquots of substrate cells (THP-1 cells exposed to KBrO 3 ) were thawed, mixed with low melting point agarose (0.75%; SigmaAldrich), and applied on GelBonds. The GelBonds were immersed in lysis solution (2.5 M NaCl, 0.1 M Na 2 EDTA, 10 mM Tris, 1% Triton X-100, pH10) for 1 h at 4°C. The GelBonds were then washed three times (5 min each) in endonuclease buffer. Sixty microlitres of cell extract from MWCNT exposed A549 cells were added to each gel and incubated for 45 min at 37°C in a humid box. Control gels were incubated for 20 min with 60 μl of a control solution consisting of Triton X-100 and buffer (without extract). The GelBonds were then processed using the same procedure as described above.
Telomere length analysis A549 cells were seeded into 24-well plates at a density of 5 × 10 5 cells per well. In one experiment, cells were cultured with or without MWCNTs (40 µg/ml) for 24, 48 and 72 h at 37°C. In the other experiment, cells were exposed to different concentrations of MWCNTs (0.4, 4 and 40 µg/ml) for 72 h at 37°C. In each experiment, cell monolayers maintained in medium without addition of the MWCNT suspensions or with the addition of 200 µM hydrogen peroxide (H 2 O 2 ) were included as negative and positive control (47), respectively.
Genomic DNA was extracted from cells with a QIAamp DNA mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The ratio of the absorbance at 260 and 280 nm (A260/280) was used to assess the purity of DNA. An absorbance ratio of 1.7 < A260/280 < 1.9 was considered acceptable.
Telomere length was analysed with an adaptation of the quantitative PCR (qPCR) method described by Cawthon (48, 49) . For measurement of telomere repeat copies (T), the primers were: telg-5′-ACA CTA AGG TTT GGG TTT GGG TTT GGG TTT GGG TTA GTG T-3′ and telc-5′-TGT TAG GTA TCC CTA TCC CTA TCC CTA TCC CTA TCC CTA ACA-3′. Cycling conditions were: 2 min at 50°C, 2 min of 95°C, followed by two cycles of 95°C for 15 s, 52°C for 15 s and 36 cycles of 95°C for 15 s, 62°C for 15 s and 71°C for 15 s. For measurement of single copy gene (SCG), the primers were: hbgd-5′-CGG CGGCGG GCG GCG CGG GCT GGG CGG CTT CAT TCC ACG TTC ACC TG-3′ and hbgu-5′-GCC CGG CCC GCC GCG CCC GTC CCG CCG GAG GAG AAG TCT GCC GTT-3′. The qPCR was carried out in a 384-well 7900HT FAST Real-Time PCR System (Applied Biosystems, Denmark) in a 6-ml reaction mix containing 10-20 ng of genomic DNA in 1× SYBR® Green PCR Master Mix (Applied Biosystems). The qPCR measures the relative telomere length by determining the ratio of telomere repeat copy number (T) to SCG copy number (T/S ratio) in experimental samples relative to a reference sample (50) (51) (52) . Samples were run twice in triplicates and the mean of the runs was used.
Statistics
Statistical analyses of the data were conducted with the Statview statistical package, version 5.0.1 (Abacus Concepts, Berkeley, CA, USA). Values are presented as mean ± SD. Differences between the means of two continuous variables were evaluated by the Student's t-test. Data for three or more independent groups were analysed by analysis of variance and significant differences among pairs of means were tested with the Fisher's exact test. The level of significance set at P < 0.05 was used for all statistical analyses.
Results
Rejoining activity of H 2 O 2 -induced DNA strand breaks in MWCNT pre-exposed cells Repair activity of KBrO 3 -induced DNA oxidation damage A549 cells were cultured with or without MWCNTs for 24 h (T 0 ) and subsequently exposed to KBrO 3 for 3 h (Figure 2) . The 24 h exposure to MWCNTs did not increase the level of hOGG1-sensitive sites. There was a marked effect on the level of lesions after the KBrO 3 treatment in both groups (T 1 ). At T 2 (6 h after exposure) and T 3 (24 h after exposure), a significant reduction in the level of hOGG1-sensitive sites was observed in MWCNT pre-exposed A549 cells compared to unexposed cells (P < 0.05) (Figure 2 ).
DNA repair incision activity in extracts of cells after exposure to MWCNTs
A549 cells were exposed to MWCNTs for 24 h and the DNA repair incision activity was assessed in extracts from the cells. Significant increases in the DNA repair incision activity were found between extracts from MWCNT exposed and control cells (Figure 3) . There was increased repair activity in extracts of cells that had been exposed to 4 µg/ml (0.65 ± 0.30 versus 0.22 ± 0.18 incisions/10 6 bp, P < 0.05) and 40 µg/ml of MWCNTs (0.84 ± 0.22 versus 0.22 ± 0.18 incisions/10 6 bp, P < 0.05).
Effects of exposure to MWCNTs on telomere length
The impact of exposure to MWCNTs on telomere length was assessed for longer periods than 24 h because it takes time to develop firm manifestations in telomeres. No significant association was found in telomere length between cells cultured with or without MWCNTs after 24 h (1.18 ± 0.5 versus 1.39 ± 0.18, P = ns). After 48 and 72 h, there were significant decreases in telomere length between cells cultured with MWCNTs and negative control (1 ± 0.12 and 0.57 ± 0.17 versus 1.39 ± 0.18, P < 0.05), as shown in Figure 4 . A telomere shortening (P < 0.05) was also observed in the presence of the positive control (H 2 O 2 ) (Figure 4) . Furthermore, we exposed A549 cells for 72 h to different concentrations of MWCNTs (0.4, 4 and 40 µg/ml). Telomere shortening was found in cells exposed to all concentrations of MWCNTs compared to non-exposed cells (P < 0.05, Figure 5 ).
Discussion
This study shows that exposure to MWCNT is associated with increased repair activity toward oxidatively damaged DNA and a shift toward cellular senescence. Together, these responses can explain the lack of mutagenicity of MWCNT in cultured cells. It suggests that oxidative damage to the telomeres leads to senescence, as a protective mechanism, thus preventing manifestation of mutations.
A previous study, using extended exposure (i.e. eight repeated 72 h incubations) to SWCNTs, showed unaltered number of mutant cells (5), whereas a similar exposure condition of diesel exhaust particles and nanosized carbon black showed increased mutant frequency in mouse lung epithelial cells (5, 53, 54) . Like carbon black and diesel exhaust particles, exposure to CNTs is associated with reduction of antioxidants, increased intracellular production of ROS and pro-inflammatory signalling in cultured cells with primary function in the immune system as well as epithelial, endothelial and stromal cells (55) . Cellular uptake of CNTs has been observed before at similar concentration and time of exposure (9, (56) (57) (58) , and has also been observed in our studies as shown in the Supplementary  Figures 1 and 2 , available at Mutagenesis Online, where MWCNTs are found interacting with the cell membrane as well as found intracellularly as observed by TEM. Thus, it seems unlikely that oxidative stress per se is the main event that promotes a higher DNA repair incision activity in CNT-exposed cells. Nevertheless, the increased repair activity toward oxidatively damaged DNA can explain the seemingly lack of mutagenicity, despite CNT-induced DNA oxidation damage.
The processing of oxidatively damaged DNA is characterised by incision of the DNA, removal of the oxidised lesion, addition of new nucleotides and finally rejoining of the DNA strand (59) . The alkaline comet assay detects DNA strand breaks that arise from direct breakage of the DNA, alkaline labile sites, transcient repair sites and cell death. We used sub-cytotoxic concentrations of MWCNTs to avoid genotoxicity related to cell death. In addition, a protracted time to rejoin DNA strand breaks would be registered as 'DNA damage' in the present experiment. However, there was no difference in the rejoining activity after exposure to H 2 O 2 , indicating that the results are not biased toward increased MWCNT-induced DNA damage due to a prolonged ligation step in the repair process. It should also be noted that the rate of rejoining DNA strand breaks after H 2 O 2 exposure was similar to earlier observations of rejoining of DNA strand breaks within 1 h of post-exposure incubation after treatment with H 2 O 2 or ionizing radiation (60, 61) .
The initial repair rate of KBrO 3 -induced hOGG1-sensitive sites indicated that approximately 50% of the lesions were removed during the first 6 h of the post-exposure period. A similar half-life of FPG-sensitive sites has been observed in A549 cells after exposure to particulate matter from wood smoke (62) . Nevertheless, both of the experiments had longer half-lives of oxidatively damaged DNA as compared to studies that have used the photosensitizer Ro19-8022 as source of FPG-sensitive sites in Chinese Hamster Ovary cells and human lymphocytes (63, 64) . The longer half-life in our experiment might be related to some ongoing DNA damage from MWCNTs and/or KBrO 3 in the post-exposure period.
The shortened half-life of hOGG1-sensitive sites in MWCNTexposed cells indicates a faster repair incision activity, which could be mediated by either higher activity or increased protein levels of hOGG1 in the A549 cells. This was confirmed in experiments where only extracts from cells were assayed for DNA repair incision activity. The increased DNA repair activity is not necessarily a beneficial outcome of MWCNT-exposure as it may occur in a pro-oxidant environment with also increased genotoxicity. The net result may be unaltered mutagenicity, but it can be speculated that a parallel increase in genotoxicity and repair activity may drive the balance toward cellular senescence (65, 66) .
A high rate of DNA damage and repair of guanine residues in telomeric DNA sequences can accelerate telomere shortening and inhibit telomerase activity in cell cultures (67) . To the best of our knowledge, this is the first in vitro study showing a significant telomere shortening in A549 cells that have been exposed to MWCNTs. In tissues, accelerated shortening of telomers can increase the risk of chromosomal instability (27) . Several studies have reported that the rate of telomere shortening may be accelerated by exposure to other stressors, such as H 2 O 2 , perylene and UV irradiation (68-70) over a shorter period of time (days or hours). However, cancer cells almost universally bypass cellular senescence and DNA damage signalling pathways by activation of telomerase (29, 30) . One explanation put forth for this is that antioxidant defenses are not sufficient to meet an increase in ROS production, resulting in a state of oxidative stress that can lead to accumulation of DNA damage or repression of telomerase gene expression and/or the impairment of telomerase function.
In conclusion, our results show a significantly increased repair activity and telomere shortening in A549 cells exposed to MWCNTs compared to non-exposed cells, suggesting that DNA repair activity and senescence may be influenced by exposure to MWCNTs. Supplementary Figures 1 and 2 are available at Mutagenesis Online.
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